The effects of polypropylene-grafted-dibutyl maleate (PP-g-DBM) used as compatibilizer on mechanical, rheological and morphological properties of polypropylene (PP) and nylon 6 (PA6) blends was systematically investigated in this paper. The results of Molau test, solvent extraction and differential scanning calorimetry (DSC) indicated the formation of PP-g-PA6 in vicinity of interfaces during melting extrusion. Owing to the reaction between the reactive groups of PPg-DBM and amine (-NH 2 ) end groups of PA6, the tensile and impact strength of the PP-g-DBM compatibilized PP/PA6 blends were much higher than that of the uncompatibilized PP/PA6 blends. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) results indicated that the domain sizes of the dispersed phase in the compatibilized PP/PA6 blends decreased and the interfaces become more indistinct, which indicated a clear compatibiliting effect was induced by the PP-g-DBM in the immiscible PP/PA6 blends, i.e. the PP-g-DBM was an effective compatibilizer for the PP/PA6 blends. In addition, the rheological measurements showed the PP-g-DBM compatibilized PP/PA6 blends possessed higher pseudo plasticity, melt viscosity and flow activation energy.
Introduction
Polypropylene (PP) and Nylon 6 (PA6) are two important classes of thermoplastics, but they suffer from intrinsic drawbacks such as permeability to organic solvents, poor impact, limited dimensional stability and barrier to moisture. Blends of PP with PA6 combining properties of both components have been of considerable interest due to that the blends can overcome their drawbacks and would lead to materials with improved performances [1] [2] [3] [4] . However, the blending of PP and PA6 usually leads to immiscibility, and the desired properties cannot be achieved without a third component, i.e. a compatibilizer, which is able to mediate an attractive interaction between the two phases. In general, the immiscible blends require a compatiblizing agent to achieve satisfactory interfacial adhesion and interfacial stress transfer between the two phases. Methods to reduce interfacial tension and to improve phase adhesion between the two immiscible components have attracted more and more attention [5] [6] [7] [8] . Blends of PP and PA6 have been compatibilized by reactive extrusion, in which step PP is used to form copolymers that can improve the compatibility between the two components. In the interface, end groups of PA6 are chemically reacted with functional groups on the functionalized-PP during melt mixing. The grafted copolymers formed in-situ during compounding processes preferentially located at interface which can improve interfacial adhesion through chemical linkage, thus materials of finer dispersion and more stable morphology were achieved.
So far, however, one successful approach of compatibilization for PP/PA6 blends is to use polypropylene grafted with maleic anhydride (PP-g-MAH) as a compatibilizer [2] [3] [4] [9] [10] [11] . There are very few studies where a quite fine dispersion of the minor phase in the matrix can be achieved by using ionomers, polypropylene-grafted-acrylic acid, ethylene-butylene acrylate-grafted-fumaric acid, ethylene-ethyl acrylate-glycidyl methacrylate as compatibilizers [12] [13] [14] . Unfortunately, the MAH is toxic and of low boiling point, and it is difficult to prepare PP-g-MAH, which limits the application of PP-g-MAH as a compatibilizer for the immiscible blends such as PP/PA6. Like MAH, dibutyl maleate (DBM) can also chemically react with PA6 end groups [15] [16] [17] , and DBM is of high boiling point and low toxicity. Here, the PP-g-DBM is used as a compatibilizer for PP/PA6 blends and the influences of PP-g-DBM on mechanical, rheological and morphological properties of PP/PA6 blends were investigated in detail in this paper.
Results and discussion

Characterization of the reaction
When PP-g-DBM is added to the immiscible PP/PA6 blends, the following reaction may take place between the ester groups of DBM and terminal amino groups of PA6 during melt mixing, resulting in the formation of PP-g-PA6 copolymer [16] [17] . The product PP-g-PA6 acts as an interfacial agent for PP/PA6 blends system. The formation of PP-g-PA6 copolymer was confirmed by Molau test [4, 7] and the photographs are shown in Fig. 1 . When formic acid was added to PP/PA6 binary blends, the PA6 was dissolved completely while the PP phase was separated and floated on the top, indicating poor adhesion between the two phases. But the PP-g-DBM compatibilized PP/PA6 blends gave rise to a stable emulsion in formic acid. According to molau, this result can be taken as an indication for the formation of PP-g-PA6 in PP-g-DBM compatibilized PP/PA6 blends, which acts as an interfacial agent to decrease interfacial tension between the two phases, and does not allow the separation of the two phases. For future confirmation of the formation of PP-g-PA6, the PP phase of the PP-g-DBM compatibilized PP/PA6 (80/20) blend was selectively extracted with hot xylene. Fig.2 shows the result of Soxhlet extraction of PP/PA6 (80/20) blends with xylene. The residue of soxhlet extraction of mechanical blend was about 22%, indicating that nearly entire PP phase was extracted, the slight remained PP was due to the formation of slight PP-g-PA6 by mechanical chemically grafting during melt extrusion. The residue of soxhlet extraction of the compatibilized blends increased in proportion to the amount of PP-g-DBM added to the blends. The result can be explained as follows: a higher amount of the PP-g-DBM added to the blends may result in a higher amount of PP-g-PA6, which cannot be extracted by xylene, so the residues of PP phase increase. In addition, the possible interaction was confirmed again by the DSC curves of the PP-g-DBM compatibilized PP/PA6 (80/20) blends after extraction with xylene, as shown in Fig. 3 . In the thermogram curves of the residue of mechanical blends, only one peak of melting at about 187 0 C appeared [4, 18] . This peak can be attributed to PA6, because PP was extracted by xylene from the PP/PA6 blends. However, two peaks of melting can be observed in the thermogram curves of the residue of the PP-g-DBM compatibilized blend as shown in Fig. 3 , the peak at about 189.76 0 C is attributed to PA6, and the other at 117.84 0 C is attributed to PP. Correspondingly, two peaks of crystallization also can be observed. The interaction between PP-g-DBM and PA6 made it impossible to extract all PP components from the PP-g-DBM compatibilized PP/PA6 blends by using xylene, so there is melting and crystallization peaks of PP in the DSC curves of PP-g-DBM compatibilized PP/PA6 (80/20) blends after extraction with xylene.
Mechanical properties
The tensile and impact strength of the PP/PA6 blends are shown in Fig. 4 . The tensile and impact strength of all the compatibilized blends with PP-g-DBM were higher than those of mechanical blends without the compatibilizer, initially because of the improved adhesion between components, which improves the homogeneity and decreases the domain sizes of the dispersed phases. It can be also found that the tensile and impact strength of the blends increase with the increasing PA6 content. In addition, the influences of the amount of the PP-g-DBM on the mechanical properties are shown in Fig. 5 . With increasing concentration of PP-g-DBM, the tensile and impact strength of blends increased and they will achieve their maximum at the PP-g-DBM contents of 7.0 phr, which suggest there is an optimal amount of compatibilizer. Compatibilizer acts as a bridge between two incompatible phases at the interfaces, hence, effective optimum concentration for compatibilizer is required. However, with more than 7.0 phr PP-g-DBM, the tensile and impact strength of blends decrease because of the increased plasticization effect of low molecular weight PP-g-DBM.
The influence of grafting percentage of PP-g-DBM on mechanical properties of PP/PA6 (8/20) blends was also studied, as shown in Tab.1 and Fig. 6 . The result is similar to that of the blends which used PP-g-MAH as the compatibilizer [19] . The tensile and impact strength of blends increased with the increasing of the grafting percentage of PP-g-DBM, which resulted in more interfacial reaction, thus more PP-g-PA6 was formed, while the amount of PP-g-DBM is less than 7.0 phr. For different PP-g-DBM with different grafting percentage, the effective optimum concentration of PP-g-DBM is different. When using higher grafting percent of PP-g-DBM, the effective optimum concentration of PP-g-DBM is lower, this is to say, a little higher grafting percent of PP-g-DBM can improve the mechanical properties of the compatibilized PP/PA6 (80/20) blends. It can been seen from Fig 7(a) that in mechanical blends, the major phase which forms the matrix and the minor phase have been segregated into spherical domains. No morphological evidence of good adhesion at the interphase between the matrix and the dispersed phase can be seen. The spheres have almost completely smooth surfaces. And during the fracture process, many domains were pulled away from their previous position, where empty holes remained. The size of the dispersed phase is large. A significant difference in morphologies between mechanical blends and compatibilized blends was expected. The morphology of compatibilized blends looks very homogenous. In the compatibilized blends with 3.0 phr PP-g-DBM, which is shown in Fig 7 (b) , a drastic reduction in domain size of the dispersed phase was observed. The separate domains can hardly be distinguished at the magnification used. Domains are irregular and are smaller than in the blends without compatibilizers. Compatibilizer also appears to cause increased adhesion between dispersed phases and the matrix because of the increasing contact of the surface area of the dispersed phase with the matrix. The compatibility of the blends seems to be improved with the increasing content of PP-g-DBM. In the blends compatibilized with 7.0 phr PP-g-DBM (see Fig 7 (c) ), the spherical domains are not observable in micrographs at the magnification used, and it is difficult to find continuous and dispersed phases.
TEM images of PP/PA6 (80/20) blends are shown in Fig. 8 . There was a lack of interfacial adhesion in mechanical blends, as shown in Fig. 8 (a) . The two components are easily distinguished and the spherulity structure of PA6 is clearly observable. In compatibilized blends as shown in Fig. 8 (b) , TEM images shows strong interfacial adhesion. After being compatibilized with PP-g-DBM, the domain sizes of dispersed phase of compatibilized PP/PA6 blends become smaller, and the interfaces become more indistinct, and obvious interfaces between PP and PA6 phases can be observed. The results of SEM and TEM analysis illustrate that PP-g-DBM can strengthen the interfacial adhesion between PP and PA6 phases, and it can improve the compatibility of PP/PA6 blends efficiently.
Rheological properties
The melt flow index (MFI) of PP/PA6 blends vs the amounts of PA6 are shown in Fig.  9 . Fig. 9 . MFI of PP/PA6 blends vs the amounts of PA6.
The MFI of mechanical blends increased in proportion to the amounts of PA6, and the MFI of the compatibilized blends with PP-g-DBM was lower than that of mechanical blends. That is to say, in case of the mechanical blend, there was only a little interaction between PP and PA6. On the contrary, in the compatibilized blends with PP-g-DBM, there was strong interaction among these different polymer chains. It can be also seen from Fig. 10 that the higher the concentration of PP-g-DBM is, the lower the MFI is. This is may be due to the structural changes, such as more formation of PP-g-PA6. C. The mechanical and the PP-g-DBM compatibilized blends both possessed pseudo plasticity, but the PP-g-DBM compatibilized PP/PA6 blends possessed higher pseudo plasticity. The apparent melt viscosities of the compatibilized blends with PP-g-DBM were higher than that of the mechanical blends. It may be due to the enhanced interactions in the blends, especially the formation of new graft copolymers in amine-ester reaction between the compatibilizer and PA6 molecules. Temperature has important effect on viscosity of PP/PA6 blends, and the dependence of blends viscosity on temperature can be expressed by the Arrhenius equation, and the value of the flow activation energy ΔE η expresses the influence of temperature on viscosity of the blends. The relationships between the correlation of viscosity of the blends and temperature are presented in Fig. 12 . Calculated from the plots, ΔE η of mechanical and compatibilized blends are 15.22 Kcal/mol and 18.44 Kcal/mol, respectively. ΔE η of compatibilized blends was higher than that of mechanical blends, that is to say, the sensitivity of viscosity of mechanical blends to temperature was higher than that of mechanical blends. This was because that PP-g-PA6 copolymer was produced in the interface between PP and PA6 phases after being compatibilized with PP-g-DBM, and this would prevent the flow of melting blends.
Conclusions
Molau Test, solvent extraction and DSC results all indicated the formation of PP-g-PA6 in vicinity of interfaces during melting extrusion of PP/PA6 in the presence of PP-g-DBM. Owing to the reaction between the reactive groups of PP-g-DBM and -NH 2 end groups of PA6, the domain sizes of the dispersed PA6 phase drastically reduced and became very small so that the separate domains could hardly be distinguished at the magnification used. In the compatibilized PP/PA6 blends, the interfaces between PP and PA6 phases became more indistinct in comparison with the mechanical blends. After compatibilization with PP-g-DBM, the tensile and impact strength of PP/PA6 blends significantly increased, all these results indicated the immiscible PP/PA6 blends can be compatibilized with PP-g-DBM. In addition, the amount and grafting percent of PP-g-DBM had some effect on the mechanical properties of the PP-g-DBM compatibilized PP/PA6 (80/20) blends, which possessed higher pseudo plasticity, melt viscosity and flow activation energy because of the formation of PP-g-PA6 copolymer.
Experimental part
Materials
The polypropylene (PP) was purchased from Panjin Chemical Factory; the Nylon 6 (PA6) was purchased from Allied Signal Corporation and dehumidified by using a vacuum oven at 80 0 C for 24 h before blending; the PP-g-DBM was synthesized by melt grafting in the presence of dicumyl peroxide (DCP) using twin screw extruder in our laboratory, percent grafting of PP-g-DBM was measured by chemical analysis [20] . 
Specimen preparation
Characterizations
Systematic characterization of the blends was undertaken by using mechanical, microscopical, and rheological analysis. Tensile tests have been done on Instron Universal Testing Machine 1122 according to GB1040-79. Impact strength tests were carried out with a XCJ-40 Impact Tester according to GB1043-79. SEM and TEM observations were performed on a HITACHIS-510 electron microscope and a TEM-100 CXII electron microscope, respectively. Samples for SEM were prepared by fracturing the extrudate in liquid nitrogen and were gold-coated before microscopy. Specimens for TEM were obtained by using a LKB-2088 razor, and the thickness of thin sections was less than 80 nm. Before TEM observation, the specimens were stained with osmic anhydride (OsO 4 ). Thermal analysis was performed under nitrogen by using a differential scanning calorimeter (TA DSC 2910). The temperature was raised from 30 0 C to 260 0 C at a heating rate of 10 0 C /min. Apparent melt viscosity was measured by using a XYZ-II capillary rheometer with a capillary length/diameter ratio of 20/1. Melt flow index (MFI) were measured by using a XRZ-300 melt indexer according to GB3682-83.
